Abstract. BRCA1 dysfunction is associated with hormoneresponsive cancers. We have identified a consensus SUMO modification site in the amino-terminal region of BRCA1/1a/1b proteins and the mutation in this potential SUMO acceptor site (K 109 to R) impaired their ability to bind and repress ligand-dependent ER· transcriptional activity in breast cancer cells. Furthermore, we have found SUMO E2-conjugating enzyme Ubc9 to bind BRCA1 proteins. We have mapped BRCA1 [within amino acids (aa) 1-182] as the minimum domain that is sufficient for in vitro binding to Ubc9 as well as for regulating ER· activity. BRCA1 Mutant #1 (K109 to R) was impaired in its ability to both bind, as well as modulate Ubc9 mediated SUMO-dependent/independent E2-induced ER· transcriptional activity in breast cancer cells. Similarly, BRCA1 cancer-predisposing mutation (61Cys-Gly) abrogated the ability to both bind Ubc9 as well as inhibit ER· activity suggesting physiological significance. Addition of BRCA1 but not Mutant #1 to E2-induced ER· in the presence of SUMO-1 and Ubc9 resulted in the degradation of ER· suggesting BRCA1 to be a putative SUMO-1 and Ubc9-dependent E3 ubiquitin ligase for ER·. This is the first report demonstrating the participation of Ubc9 in BRCA1 E3 ubiquitin ligase mediated degradation of ER·. These results suggest a novel function for BRCA1 in regulating the dynamic cycles of SUMO and ubiquitin modifications required for ER· turn over and deregulation of this molecular switch due to lack of BRCA1 results in ER·-negative/positive breast cancers. This study will help in designing novel BRCA1 function-based targeted treatment for breast cancers.
Introduction
Inherited mutations of the breast cancer susceptibility gene 1 (BRCA1) confer a high risk for the development of estrogen (E2) dependent breast and ovarian cancers (1) (2) (3) . The underlying basis for its tissue specific tumor suppressor function remains poorly understood. Multiple naturally occurring isoforms of BRCA1 are present in different tissues with varying expression levels that encode proteins missing all or part of exon 11 (4) (5) (6) (7) . BRCA1a/p110 and BRCA1b/p100 (8) form two of the four major splice variants present in normal, breast and ovarian cancer cells (6, 9, 10) . Both BRCA1a and BRCA1b differ from BRCA1 in having a deletion of the majority of exon 11 sequences [within amino acids (aa) 263-1365]. BRCA1b has an additional deletion of exons 9 and 10 sequences and they code for 110/100 kDa proteins (Fig. 1 ). BRCA1 and its splice variants are multifunctional proteins that interact with several proteins which regulate a number of biological activities like transcriptional activation/ repression, cell-cycle regulation, growth/tumor suppression, apoptosis, DNA repair, genomic stability, steroid hormone receptor signaling, ubiquitination and sumoylation (11, 12) but many of these functions are not tissue specific. Women carrying BRCA1 mutations develop breast tumors that are triple negative (TN) suggesting that hormonal factors play a critical role in the development of these cancers (13) . Even though TN breast cancers account for only about 15% of all breast cancers, they represent a higher percentage of breast cancers arising in African American and younger premenopausal women and currently there are no targeted therapies available for these cancers (14) . There is significant overlap between TN breast cancers and BRCA1 associated breast cancers both histologically as well as transcriptionally, which suggests that dysfunction in the BRCA1 pathway may be responsible for the development of these cancers (15, 16) . Estrogen receptor (ER·) signaling has been implicated in the development of BRCA1 associated tissue specific tumorigenesis. Recently we showed BRCA1a to function as a tumor suppressor of ER·-positive, TN human breast cancers, hormone independent ovarian and prostate cancers both in vitro and in vivo using mouse models (17) , but its role in the regulation of ER· activity is not known. Rebbeck et al showed that oophorectomy reduces the risk of breast cancer in BRCA1/BRCA2 mutation carriers (18) . BRCA1 inhibits E2 stimulated ER· activity by direct binding to the AF-2 domain of ER·, by down-regulation of expression of p300 and by interacting with cyclin D1 that inactivates pRb tumor suppressor gene (19) but none of these mechanisms can explain the similarities between BRCA1 mutation carriers and ER·-negative breast cancers.
Post-translational modification of transcriptional factors is important for regulated gene expression. SUMO-1, a 98-amino acid polypeptide, is covalently attached to lysine residues in proteins. Post-translational modification by SUMO has effects on the stability, localization, protein-protein inter-actions and transcriptional regulation (activation or repression). In most cases sumoylation of transcription factors (e.g., HDAC1, p300/CBP, CtBP, STAT1, etc.) and Histone-4 inhibits transcription by promoting recruitment of co-repressors like HDAC complex (12) . SUMO-1 also binds to the SUMO binding motifs (20) in BRCA1 and represses BRCA1-mediated transcription in a sumo-independent manner by recruiting HDAC (12) . The SBM is different from the SUMO-1 modification consensus sequence (ae-K-X-E) which is found in SUMO-1 substrate proteins (Table I and Fig. 1 ). SBM binds SUMO non-covalently but ae-K-X-E does not bind to SUMO-1 non-covalently. It appears to bind Ubc9 non-covalently for covalent SUMO attachment. Most SUMO-modified proteins contain the tetra peptide motif ae-K-X-D/E where ae is a hydrophobic residue, K is the lysine conjugated to SUMO, X is any amino acid, and D or E is an acidic residue (21) . A wide variety of proteins are sumoylated (Table I) . ER· is a nuclear transcription factor that undergoes various types of post-translational modifications like phosphorylation, acetylation, ubiquitination, methylation, and sumoylation (22) . ER· is sumoylated at conserved lysine residues within the hinge region only in the presence of E2 (22) . PIASI, PIAS3 act as E3 ligases and Ubc9 as E2 SUMO-conjugating enzyme for ER· sumoylation and also modulate ER· transcription independent of SUMO-1 conjugation activity. Mutations that abrogate sumoylation impair ER· dependent transcriptional activation but not its subcellular localization. Ubc9 is the only mammalian E2 conjugating enzyme that is essential for sumoylation. The mutant C93S Ubc9, which prevents SUMO-1 conjugation by preventing the formation of thiolester bond between SUMO-1 and Ubc9, still functions as a coactivator for nuclear receptors (23) . Thus there can be sumodependent transcriptional activation or repression and sumoindependent transcriptional activation or repression of promoters. A role for post-translational modifications in targeting ER· for degradation is poorly understood. A direct correlation has been observed by some between the rate of ER· degradation and its transcriptional activation and treatment of cells with proteosome inhibitor MG132, impaired ER· transcription (24) . Furthermore ER· is ubiquitylated after the first round of transcription which may be needed for subsequent E2-mediated ER· transcription. ER· thus cycles on and off the promoter as long as E2 is present (25-28). SUMO-1 was found to suppress BRCA1 mediated transcription of Gadd45 ·, p27 KIP1 and p21 WAF1/CIP1 via modulation of promoter occupancy (12) . The only known enzymatic activity that is associated with BRCA1 is its E3 ubiquitin ligase activity, and recently ER· was shown to be a putative substrate for this BRCA1/ BARD1 ubiquitin ligase activity (29) . Deleterious BRCA1 RING-finger domain mutations eliminated the ubiquitin ligase activity, but did not eliminate its auto ubiquitination activity suggesting a possible link between tumor suppressor function of BRCA1 and its E3 ligase activity (30) . However all these studies do not uncover the paradox as to why impairment of this E3-ligase activity contributes to ERnegative breast cancers.
In this report we have identified an SCS (SUMO-1 modification consensus sequence) in the conserved amino terminal RING finger domain of BRCA1/1a/1b proteins and mutation in this SUMO acceptor site and cancer-predisposing mutation C61G impaired their ability to both interact with ER· and SUMO-E2-conjugating enzyme Ubc9 as well as modulate Ubc9 mediated SUMO-dependent/independent E2-induced ER· transcriptional activation in breast cancer cells. Ubc9 is a new player in the E2-induced ER· regulation by BRCA1 proteins. Our results suggest BRCA1/1a/1b proteins but not K109 to R mutant to be putative SUMO-1 and Ubc9-dependent E3 ubiquitin ligases that bind and recruit the E2 ubiquitin conjugating enzyme Ubc9 to ER· and facilitate the ubiquitination and proteosome dependent degradation of ER· in an estrogen-dependent manner. These findings suggest a novel mechanism whereby BRCA1 fine tunes the dynamic interplay between SUMO dependent/independent activities of Ubc9 on E2-induced ER· regulation and dysfunction in this activation-repression switch due to lack of BRCA1 results in ER-negative and ER-positive breast cancers. The results from these studies will shed some light on the enigma as to why BRCA1 dysfunction leads to ER-negative breast cancers.
Materials and methods
Cell culture. MCF-7, T47 D and COS-1 cells were obtained from American Type Culture Collection (Rockville, MD, USA). MCF-7 cells were cultivated in MEM with 10% fetal bovine serum, 1% penicillin and streptomycin, 10 mg/ml insulin. T47D were grown in DMEM with 10% fetal bovine serum, 0.2 U/ml insulin, 1% penicillin streptomycin and 0.15% sodium bicarbonate.
Expression constructs. Expression plasmid encoding full-length BRCA1 in pcDNA3, pSG5-ER· and ERE-TK-luciferase reporter, pcDNA3 Ubc9, pcDNA3 Ubc9 C93S both V5-tagged and pcDNA3 6x His/SUMO-1, and pGEX-Ubc9 were generously provided by Dr Michael Erdos (National Human Genome Research Institute, Bethesda, MD, USA), Professor M.G. Parker (London, UK), Professor Ron Hay and Dr Ellis Jaffrey (University of Dundee, UK), and Dr Michael J. Mutanis (Johns Hopkins University), respectively. The pCDNA3 BRCA1a and pCDNA3 BRCA1b plasmids have been described previously (8) . cDNAs for BRCA1 1-182 was constructed by PCR cloning and sub-cloning into the pCMV-Tag 2 vector (Stratagene, La Jolla, CA, USA). This vector allows expression of BRCA1 protein with an Nterminal FLAG sequence. BRCA1, 1a, 1b, BRCA1 1-182 point mutants 1, and 4 (see Fig. 1b and text) were constructed using Quick change site directed Mutagenesis kit (Stratagene).
GST-pull down assays. GST-Ubc9 and GST-ER· (337-379) were expressed and purified from E. coli as described previously (8 [20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.1% Tween -20] . The proteins were precleared with GSH beads for 30 min and then incubated with GST or various GST-ER (337-379) proteins beads for 2 h at 4˚C. The beads were then washed three times with binding buffer followed by elution of the bound proteins with SDS sample buffer and loaded on a 15% SDS-PAGE. The gels were fixed, treated with enhance, dried and exposed to X-ray film and scanned using a Fuji Bio-Imaging analyzer. Competition studies using Ubc9 and Ubc9C93S as competitors were performed as described above except that 50 μl of BRCA 1-182 translated proteins were pre-incubated with increasing amounts of (40, 60, and 80 μl) of in vitro translated Ubc9 and Ubc9C93S proteins before the addition of GST-ER (337-379) beads. The gels were fixed, treated with enhance, dried, exposed and scanned using a phospho-Imager.
Immunofluorescence staining. To study the co-localization of endogenous and exogenous BRCA1 and BRCA1a with Ubc9 in vivo, MCF-7 cells were cultured on glass cover slips in 6-well plates overnight. Sub confluent cells were either used as such or transfected overnight with the indicated expression plasmid (1.5 μg BRCA1 or BRCA1a) using Lipofectamine and incubated in fresh medium for 24 h. Cells were then washed with PBS, fixed in ice cold methanol for 5 min, and then washed with PBS. The cells were then blocked with 10% bovine serum albumin in PBS for 30 min at room temperature, followed by incubation with Image-iT FX signal enhancer (I36933, Invitrogen, Carlsbad, CA, USA) for 30 min; incubated with either anti-BRCA1(Ab-1) mouse mAb (MS110) (OP92, EMD Chemicals, Gibbstown, NJ, Table1. A comparison of the SUMO-1 CS of many known SUMO-1 substrates with BRCA1/1a/1b proteins. USA) or primary mouse monoclonal GFP antibody (sc-9996, Santa Cruz, CA, USA, 1:200 dilution in 1.5% BSA/PBS) and rabbit polyclonal Ubc9 antibody (sc-10759, Santa Cruz, 1:200 dilution in 1.5% BSA/PBS) at 25˚C for 1 h. This was followed by incubation with secondary antibody Alexa Fluor ® 488 goat anti-mouse IgG (H+L) highly cross-adsorbed (11034, Invitrogen, 1:200 dilution in 1.5% BSA/PBS) and Alexa Fluor 568 goat anti-rabbit IgG (H+L) highly crossadsorbed (11036, Invitrogen, 1:200 dilution in 1.5% BSA/PBS) for 50 min. The cells were rinsed with PBS and cover slips mounted in Ultra Cruz™ mounting medium with 4,6-diamidino-2-phenylindole (DAPI) (sc-24941, Santa Cruz). The stained cells were examined using an Olympus 1X71 microscope, equipped with 100X/1.25 oil ph immersion objectives. Composite filter cubes were used for the FITC, DAPI and TRITC fluorescence, respectively. The pictures were captured with a Moticam 3000 camera.
Co-immunoprecipitation.
To study the association of Ubc9 with BRCA1a protein proliferating COS-1 cells at ~70% of confluence in 100-mm petridishes were transfected for 48 h with (18 μg of plasmid DNA/dish), using FuGENE 6. The cells were harvested and whole-cell extracts was prepared using ER· RIPA buffer as described (22) . The extracts were incubated overnight at 4˚C with 10 μl of anti-FLAG M2 affinity gel (Sigma Aldrich Inc.). After low speed centrifugation, the agarose beads were washed with PBS and the pellet was suspended in boiling SDS sample buffer and subjected to 4-20% SDS-PAGE followed by Western blot analysis using anti-Flag/anti-V5 antibodies.
Western blot analysis. For Western blot analysis total protein lysates were electrophoresed on a 4-20% SDS polyacrylamide gradient gel. The proteins were transferred onto nitrocellulose membranes and probed with anti-Flag (M2 mouse monoclonal (Sigma, 1:500 dilution) or anti-V5 mouse monoclonal (Invitrogen, 1:2000 dilution) antibodies. Antibody binding was detected by using the enhanced chemiluminescence system (ECL), with Page Ruler™ plus pre-stained protein ladder (Fermentas) as molecular weight standards.
Assay for the effect of E2 on ER· transcriptional activation.
T47D cells (5x10 5 ) were plated in 6-well plates for 24 h. The cells were washed twice in PBS followed by the addition of phenol-red free DMEM containing 5% charcoal-stripped FBS for 48 h before transfection. The cells were transfected with 1 μg of each of the indicated plasmids (with a total of 2.5 μg DNA) using Lipofectamine 2000 (Life Technology, USA). The cells were induced with 1 μM of E2 4 h after transfections, harvested after an additional 40 h and assayed for luciferase activity following the manufacturer's instructions. Each set of experiments was performed in triplicate and repeated a least three times.
Analysis of in vivo E2 induced SUMO-1 and Ubc9-dependent E3 ubiquitin ligase activity of BRCA1 in COS-1 cells.
Briefly, COS-1 cells were plated at a density of 1x10 6 cells per 100-mm tissue culture dishes. After 24 h cells were cultured under sterol-free conditions in phenol-red-free medium (Life Technology) containing 5% charcoal-stripped fetal bovine serum for 48 h. Cells were transfected with 7 μg of plasmid DNA (total of 21 μg DNA) using FuGENE 6 (Roche Molecular Biochemicals, Indianapolis, IN, USA) according to the manufacturer's protocol. After 8 h, the cells were incubated with 100 nM E2 for 24 h. Cells were then harvested in modified RIPA buffer (50 mM Tris-HCl, pH 7.8; 150 mM NaCl; 5 mM EDTA; 0.5% Triton X-100; 0.5 Nonidet P-40; 0.1% sodium deoxycholate) with protease inhibitors in the presence of 20 mM NEM (N-Ethylmalemide). Lysates were syringed on ice with a 22-gauge syringe and centrifuged to separate insoluble proteins. SDS sample buffer was added to lysates and loaded on a 4-20% gradient gel. Membrane was transferred onto a polyvinylidene diflouride membrane overnight and then blocked by incubation with 5% BSA and 0.001% Tween-20 overnight. ER· was detected with mouse monoclonal anti ER· antibody (1:100 dilution) and secondary anti-mouse HRP-conjugated secondary antibody 1:4000 dilution for 1 h at room temperature. The membrane was washed and the results were analyzed using LAS-IMAGE reader 3000.
Results

Identification of SUMO-1 modification consensus sequence in the amino-terminal region of BRCA1/1a/b protein.
Posttranslational modification of transcription factors by SUMO (small ubiquitin related modifier) regulates their activity, turnover, localization and interactions (32) . A cursory look at the conserved amino-terminal sequence of BRCA1/1a/1b proteins revealed a consensus SUMO modification site (Table I and Fig. 1 ). SUMO modification usually occurs on the consensus K (lysine) residue in aeKXE CS, which mediate binding to Ubc9 (ubiquitin-conjugating enzyme), the SUMO E2 conjugating enzyme. To study the functional relevance of the presence of SUMO-CS in BRCA1 proteins, we assayed for the ability of Ubc9 to bind to full length wild-type BRCA1/1a/1b, as well as Mutant #1 (lysine 109 has been converted to Arginine) proteins by GST pull down assays. Ubc9 or GST alone as a control was immobilized on glutathione-sepharose beads and incubated with 35 Smethionine-labeled proteins produced by in vitro translation using rabbit reticulocyte lysates. Bound proteins were eluted with SDS sample buffer and analyzed by 8% SDS-PAGE. Full length BRCA1, BRCA1a and BRCA1b unlike Mutant #1, bound specifically with Ubc9 suggesting that the lysine residue at 109 is critical for Ubc9 binding (Fig. 2a-c) .
BRCA1 RING domain cancer-predisposing mutation C61G disrupts Ubc9 binding. BRCA1 C61G mutation observed in breast cancer patients has lost both BRCA1/BARD ubiquitin ligase activity as well as ability to inhibit ER· activity in breast cancer cells (33) . We did not observe any significant binding of in vitro translated full length BRCA1 Mutant #4 (C61G) to Ubc9 using GST capture assays (Fig. 2a) . These results suggest a potential link between the loss of BRCA1 ubiquitin ligase activity, loss of ER· repression and Ubc9 binding.
A 182-amino acid domain near the amino terminus of BRCA1/1a/1b is sufficient for binding to Ubc9 and ER·.
We have found full length BRCA1/1a/1b proteins to inter-act in vitro with Ubc9 and since the N-terminal exons 2-8 (amino acid residues 1-182) are conserved among all these BRCA1 isoforms, we decided to study the interaction of BRCA1 amino acid 1-182 with Ubc9. Similarly since this region also binds in vitro to ER· aa 338-379 we studied the in vitro interaction of BRCA1 1-182 with ER· 338-379 using GST pull down assay described above. We observed binding of in vitro translated BRCA1 1-182 but not BRCA1 1-182 Mutant #1 and Mutant #4 (C61G) to Ubc9 and ER· 338-379 ( Fig. 2d and e) . The faint bands observed are due to nonspecific binding since they are also present in the GST lanes ( Fig. 2e lanes 2, 5 and 6 ). These results indicate that the N-terminus of BRCA1 (aa 1-182) is sufficient for binding to both Ubc9 and ER·. It also suggests the requirement of an intact RING domain and lysine 109 SUMO-acceptor sites for binding to Ubc9 and ER· in vitro. Mutant #4 (C61G) and Mut#1 showed auto-ubiquitination implying that the RING domain as well as lysine 109 SUMO-acceptor site is dispensable for this activity.
Ubc9 and SUMO defective mutant Ubc9 C93S compete in vitro with ER· (aa 338-379) for binding to BRCA1 (aa 1-182).
The requirement of the same region of BRCA1 (aa 1-182) for binding to both Ubc9/Ubc9C93S and ER· (aa 338-379) raises the possibility that Ubc9/Ubc9C93S and ER· (338-379) may compete for binding to BRCA1. We therefore performed ER· (338-379) pull down experiments with BRCA1 (1-182). We found that on pre-incubation with increasing concentrations of Ubc9 or Ubc9 C93S there was decreased BRCA1 binding to ER· (338-379) ( Fig. 2f and g ). These results suggest that both Ubc9 and Ubc9 C93S have the ability to inhibit BRCA1 interaction with ER· thereby antagonizing BRCA1 repression of ER· activity.
Co-localization of endogenous and exogenous BRCA1/1a
proteins with Ubc9 in human breast cancer cells. MCF-7 cells contain endogenous BRCA1 and Ubc9 proteins. To study the in vivo association of BRCA1 with Ubc9, immunofluorescence microscopy was performed using BRCA1 and Ubc9 antibodies. BRCA1 showed both nuclear as well as cytoplasmic localization, whereas the subcellular localization of Ubc9 was mostly nuclear. There was strong co-localization of BRCA1 and Ubc9 (Fig. 2h) in the merged images (yellow color). These results suggest that some BRCA1 and Ubc9 proteins do interact in vivo in breast cancer cells even in the absence of E2. We repeated these experiments using MCF7 cells that have been transfected separately with EGFP-BRCA1 or EGFP-BRCA1a. We once again observed a clear co-localization of BRCA1 (Fig. 2i) as well as BRCA1a (Fig. 2j) with endogenous Ubc9 proteins. These results further support the in vivo interaction of BRCA1 proteins with Ubc9.
In vivo association of BRCA1a but not BRCA1a Mut#1 with Ubc9 is ligand-dependent.
Having previously shown that the BRCA1a protein interacts with Ubc9 in vivo in MCF-7 cells, we tested both the wild-type BRCA1a and mutant BRCA1a Mut#1 to associate with Ubc9 in vivo, by IP-Western blot analysis (Fig. 2k) . We have used BRCA1a in many of our experiments since it expressed at higher levels than BRCA1. The IP-Western blot assays showed that BRCA1a and BRCA1a Mut#1 were expressed in Cos-1 cells and anti-Flag IP of cells transfected with FLAG-BRCA1a in presence of E2 brought down significant amount of Ubc9 as compared with FLAG-IP of BRCA1a Mut#1 (Fig. 2k, lanes 4 and 8) . These results suggest that loss of BRCA1a Mut#1 to repress E2-induced ER· activity can be due to loss of its capacity to associate with Ubc9.
BRCA1/1a/1b but not Mutant #1 represses E2-induced ER· activity in human breast cancer cells. Full length BRCA1
inhibits E2-induced ER· activity in breast cancer cells (34) . Here, we tested the ability of full length BRCA1, 1a, 1b and their respective Mutant #1 to inhibit E2-induced ER· activity using an ERE-luciferase reporter (35) containing the vitellogenin A2 ERE in plasmid pGL2 as described earlier (34) . In T47D ER·-positive breast cancer cells BRCA1/1a/1b significantly inhibited ligand induced ER· activity however BRCA1/1a Mutant #1 failed to repress ER· activity (Fig. 3a) . Consistent with the GST capture assays, Mutant #1 which is unable to bind both Ubc9 as well as ER· 338-379 also lost its ability to inhibit ER· activity. These results suggest that the SUMO-acceptor site at lysine 109 which facilitates binding to both Ubc9 and ER· is required for repressing E2-indued ER· activity in breast cancer cells. Thus based on our findings we can hypothesize the presence of an ER· regulatory switch in the amino terminal region of BRCA1 proteins which we have named as BRUERS (BRCA1 Ubc9 binding ER· regulatory switch, Fig. 1b) . Mutation or post-translational modification of lysine in this sequence which disrupts the interaction to two cancer promoting proteins namely Ubc9 and ER· results in abrogation of ER· repression leading to breast cancer.
Ubc9 but not Ubc9C93S represses E2-induced ER· mediated transcription by SUMO-1 in human breast cancer cells.
ER· is a nuclear transcriptional factor that undergoes various types of post-translational modifications such as phosphorylation, acetylation, ubiquitination and sumoylation which regulates its activity. SUMO-1 has been shown to stimulate E2-induced ER· transcription activity of the ERE-luciferase reporter in a dose-dependent manner (22) . To examine the role of Ubc9 and SUMO-defective mutant Ubc9 C93S on E2 induced ER· transcription mediated by SUMO-1 using EREluciferase reporter plasmid in T47D breast cancer cells; we co-expressed Ubc9 or Ubc9 C93S along with SUMO-1. When SUMO-1 was co-expressed with Ubc9, the SUMO-1 mediated activation of ER· was strongly repressed (Fig. 3b , compare lane 2 with lane 3). Similar results were observed previously in HeLa cells (22) suggesting that expression of both SUMO-1 and Ubc9 results in extensive sumoylation of ER· and/or its co-factors that may be responsible for the repression of ER· activity (22) . This repression of ER· activity was not significant when we used Ubc9C93S, a dominant negative mutant of Ubc9 further suggesting the involvement of sumoylation in repression of ER· activity (Fig. 3b, lanes 2 and 4) . The expression of BRCA1a along with SUMO-1 weakly activated the E2-dependent ER· transcription (Fig. 3b, compare lanes 2 and 5) .
BRCA1a unlike Mut#1 was able to relieve the hormonedependent ER· repression by Ubc9 in human breast cancer
INTERNATIONAL JOURNAL OF ONCOLOGY 34: 939-949, 2009 cells. The expression of BRCA1a unlike BRCA1a Mutant #1 relieved the E2-dependent ER· transcription repression by Ubc9 in T47D breast cancers cells (Fig. 3b, compare lanes 3 to  6 and 8) . These results suggest BRCA1 proteins to antagonize SUMO-1 and Ubc9-dependent transcription repression of ER· in T47D breast cancer cells.
BRCA1/1a/1b and BRCA1 (aa 1-182) but not Mut #1 and Mut #4 represses E2-induced ER· activity by catalytically inactive Ubc9 in human breast cancer cells.
Ubc9 was found to be expressed at elevated levels in several metastatic cancers (36) . Ubc9 has been shown previously to regulate ER· transcription independent of its sumoylation activity (22) . We therefore studied the effect of BRCA1, BRCA1a, BRCA1b, BRCA1/1a Mutant #1, BRCA1/1a Mut#4, BRCA1 (1-182), BRCA1 (1-182) Mutant #1 and Mut#4 on E2-induced ER· activation by a catalytically inactive form of Ubc9, Ubc9/C93S using an ERE-luciferase reporter in T47D breast cancer cells. We found BRCA1/1a (Fig. 3c, lanes 4 and 5; Fig. 3d , left panel, lanes 2 and 3) and BRCA1 (1-182) (Fig. 3d, right  panel, lanes 2 and 3) unlike their respective Mut #1 (Fig. 3c,  lanes 5 and 6; Fig. 3d, left panel, lanes 3 and 4; Fig. 3c , right panel, lanes 3 and 4) and Mut#4 (Fig. 3d, left panel, lanes 3  and 5; Fig. 3d, right panel, lanes 3 and 5) inhibited strongly E2-mediated ER· transcription activation by Ubc9/C93S in breast cancer cells. Interestingly, BRCA1 1-182 Mut#1 stimulated E2-induced ER· activity more than the control UbC93S in breast cancer cells (Fig. 3d compare lanes 2-4) . These results indicate the requirement of SUMO-modification site in BRCA1 which interacts with Ubc9 in the repression of Ubc9/C93S mediated trans-activation of the ER·.
ER· is degraded by the activation of E3 ubiquitin ligase activity of BRCA1a but not BRCA1a
Mut #1 only on association with Ubc9/Ubc9 C935 when co-expressed with SUMO-1. The ubiquitin pathway is important for degradation of ER· and is also required for efficient ER· trans-activation. The only known biochemical activity associated with BRCA1 is its E3 ubiquitin ligase activity (37) . BRCA1 and the BARD1 proteins form a complex with the E2-conjugating enzyme UbcH5c that can catalyze this activity in vivo. Recently ER· has been identified as a putative substrate for the BRCA1/ BARD1 ubiquitin ligase. Cancer pre-disposing mutations within the RING domain of BRCA1 were found to impair the g BRCA1/BARD1 ER· ubiquitination (30) as well as ER· transcriptional repression suggesting a link between loss of BRCA1 ligase activity and BRCA1-associated tissue-specific breast and ovarian cancers. Ubc9 was initially linked to ubiquitination due to its homology with ubiquitin-conjugated enzymes. The addition of purified human Ubc9 resulted in in vitro ubiquitination of activating transcription factor 2 (38) . Recent results have found Ubc9 to be involved in sumoylation of several target proteins. Since BRCA1 is an E3-ubiquitin ligase it is pertinent to understand if its ability to relieve the transcriptional repression of ER· is due to degradation of ER·. ER· has been shown to get sumoylated by SUMO-1 and Ubc9 in vivo in Cos-1 cells (22) . We therefore analyzed the ER· protein expression in E2-induced Cos-7 cells that were transiently transfected with constructs encoding ER·, SUMO-1 Ubc9 or Ubc9/C93S in the absence and presence of BRCA1a or BRCA1a Mutant #1. Transfected cells were lysed in the presence of N-ethylmaleimide (NEM) an inhibitor of SUMO-1 hydrolase and subjected to Western blot analysis using ER· antibody. As shown in Fig. 4 , anti-ER· antibody detected a major band with mobility higher than the ER· band (Fig. 4 , lane 1) which corresponds to sumoylated ER· (Fig. 4, lane 2) . The ER· band almost disappeared in Cos-7 cells transfected with SUMO-1, Ubc9 and BRCA1a (Fig. 4 , lane 6) and this band was faint in presence of Ubc9/C93S mutant (Fig. 4, lane 7) . No such ligand-induced, Ubc9 or Ubc9/C93S mediated ER· degradation was seen in the presence of Mutant #1 (Fig. 4 , lanes 8 and 9) or BRCA1a and SUMO-1 alone (Fig. 4, lane 5) . We have used BRCA1a in this study because it was found to be more stable compared to BRCA1 as well as BRCA1 1-182 (Rao, unpublished data). Similar results were obtained with BRCA1 1-182 but this protein had high auto ubiquitination activity and was unstable (data not shown). These results suggest a novel mechanism where the E3-ubiquitin ligase BRCA1, binds and recruits E2 SUMO-conjugating enzyme Ubc9 to ER· and facilitates its ubiquitination and proteosomedependent degradation in an estrogen-dependent manner. . pCMV Tag2 and PCDNA3 vectors were also included for normalization of the transfections. Forty-eight hours after transfection, luciferase activity was analyzed by using a luciferase assay kit. The data are presented as the mean ± SD of three independent experiments performed in triplicate. (b) BRCA1a, but not Mut#1 relieve ER· repression by Ubc9 in breast cancer cells. T47D cells were transfected with ERE-luciferase reporter and SUMO-1 and BRCA1a, BRCA1a Mutant #1 in presence of UBC9 or UBC9 C93S or without as indicated. After recovery, cells were treated with E2 (1 μM) or ethanol vehicle (-). Forty-eight hours after transfection, luciferase activity was analyzed by using a luciferase assay kit. The data are presented as the mean ± SD of three independent experiments performed in triplicate. (c) BRCA1a/1b but not Mut#1 inhibit E2-induced ER· activity by Ubc9 C93S (SUMO-independent) in breast cancer cells. T47D cells were transfected with ERE-luciferase reporter and UBC9 C93S and BRCA1b, BRCA1a or BRCA1a Mut#1 as indicated. After recovery, cells were treated with E2 (1 μM) or ethanol vehicle (-). pCMV Tag2 and PCDNA3 vectors were also included for normalization of the transfections. Forty-eight hours after transfection, luciferase activity was analyzed by using a luciferase assay kit. The data are presented as the mean ± SD of three independent experiments performed in triplicate. (d) BRCA1 and BRCA1 1-182 but not Mut#1 and Mut#4 inhibit E2-induced ER· activity by Ubc9 C93S (SUMO-independent) in breast cancer cells. T47D cells were transfected with ERE-luciferase reporter and UBC9 C93S and BRCA1, BRCA1 Mut#1, BRCA1 Mut#4, BRCA1 1-182, BRCA1 1-182 Mut#1or BRCA1 1-182 Mut#4 as indicated. After recovery, cells were treated with E2 (1 μM) or ethanol vehicle (-). pCMV Tag2 and PCDNA3 vectors were also included for normalization of the transfections. Forty-eight hours after transfection, luciferase activity was analyzed by using a luciferase assay kit. The data are presented as the mean ± SD of three independent experiments performed in triplicate.
d breast cancers. Since ER· was found to be degraded even in the presence of a sumo-defective mutant Ubc9 suggesting a sumoylation-independent function of Ubc9 in the degradation of ER·.
Discussion
Identifying the physiological function of BRCA1 in ER· signaling is key to understanding how BRCA1 dysfunction results in tissue-specific breast and ovarian cancers. In this report we have demonstrated for the first time the functional significance of the presence of a consensus SUMO modification site in the amino-terminal region of BRCA1, BRCA1a/1b proteins. Mutation in this potential SUMO modification site (K109 to R) impaired the ability of these proteins to both bind to ER·, Ubc9 as well as repress Ubc9 mediated SUMO-dependent/independent E2-induced ER· transcriptional activity in breast cancer cells. Furthermore, we have mapped BRCA1 (aa 1-182) which contains one of the SIM and RING-finger domain as the minimum domain that is sufficient for in vitro binding to Ubc9 as well as for regulating ER· activity. Interestingly, addition of BRCA1a but not Mut#1 (K 109 to R) to E2-induced ER· resulted in degradation of ER· when co-expressed with SUMO-1 and Ubc9 both of which have been previously shown to sumoylate ER· suggesting BRCA1 to be a putative SUMO-1 and Ubc9-dependent E3 ubiquitin ligase for ER·. We therefore propose the term BRULERS1 (BRCA1 E3 ubiquitin ligase for ER· SUMO-1 and Ubc9 conjugate) as alternate name for this domain to highlight its function (Fig. 1b) . The E3 ubiquitin ligase is the most important player in the ubiquitin-proteosome pathway. Infact aberrations in the E3 ubiquitin-protein ligase activity is involved in several human diseases (39) . The observation that BRCA1-K109 to R does not interact with ER·, Ubc9, does not repress ER· activity together with loss of degradation of ER· suggests that ubiquitination of ER· by BRCA1 could regulate ER· transcriptional activation. Ubc9 may have multiple functions on ER· like sumoylation of ER·, co-activator of ER· and also ubiquitination of ER·. Majority of BRCA1-related breast cancers are ER-negative and more prevalent in younger African American Women with breast cancer (40) . Using a mouse model lacking BRCA1 it was found that the tumors were ER·-positive at their early stages and later became ER·-negative (41) . The reason for this observation is unclear. We can speculate that lack of BRCA1 results in ER-negative tumors due to sumoylation of ER· and its cofactors resulting in transcriptional silencing of ER· expression. BRCA1 proteins may be an integral part of the sumoylation machinery that function to regulate the overall sumoylation activity of ER· activity in breast and ovarian cancer cells similar to the RNF4 family of RINGfinger E3 ubiquitin ligase (42) . We can hypothesize that BRCA1 belongs to the family of SIM-containing RINGfinger proteins (43) that induce turnover of ER· following its sumoylation. Based on these results we have proposed models showing how BRCA1 dysfunction in regulating ER· activity leads to ER·-negative/positive breast cancers (Fig. 5) . These studies also suggest that BRCA1-mediated ubiquitination of ER· is tightly regulated in the cell. Alternately, it could be possible that SUMO modification followed by attachment of Ubc9 to ER· can serve as a signal for BRCA1 proteins to target it for degradation. There are currently no targeted treatments that are effective against TN breast cancers. The results from these studies uncover the paradox as to why BRCA1 dysfunction leads to triple-negative breast cancers, as well as develop novel targeted therapies based on enhancing the degradation of repressed ER· to reinitiate transcription offers a promising method for the treatment of these ER-negative breast cancers.
